In a two-particle interferometer, there exits a complementarity between oneparticle and two-particle visibility. Using nuclear magnetic resonance (NMR)
I. INTRODUCTION
The interferometric complementarity of the distinguishability of the path of a particle and the visibility of interference fringes has been investigated in the interference experiments with individual particles, including photons [1] [2] [3] , electrons [4] , neutrons [5] [6] [7] , atoms [8, 11, 12] and nuclear spins in a bulk ensemble with NMR techniques [9, 10] . These techniques have been extended to two-particle interferometry by employing correlated two-particle systems, in which the nonclassical effects associated with the Einstein-Podolsky-Rose (EPR) state and violations of Bell's inequalities [13] have been exhibited. And a kind of complementarity between one-particle and two-particle interference was noted by Horne and Zeilinger [14] , i.e., when the two-particle visibility is unity, the one-particle visibility is zero, and vice versa. The experimental two-particle interferometric phenomenon was first observed by Ghosh et al. [15] using photon pair produced by parametric down-conversion. After that, it has been intensively studied theoretically and experimentally [16] . Among them, Jaeger, Horne and Shimony [17] suggested a systematic investigation of intermediate cases, which stated that in a large family of state a complementarity holds between one-particle v i and two-particle visibility v 12 :
With a suitable extension of operations on the pair of particles, a stronger complementarity in the form of an equality [18] was proved to be valid:
The basic complementarity between coherence and entanglement underlying the complementarity between one-and two-photon interference for the intermediate cases were experimentally demonstrated by Abouraddy et al. [19] , in which the visibilities of one-and two-photon interference have been observed in a Young's double-slit experiment using light generated by spontaneous parametric down-conversion and a photon-counting intensified charge-coupled device camera. Furthermore, nonlocal quantum correlations have been observed, which are based on interference between the probability amplitudes for two correlated particles and produce violations of Bell's inequalities [13] . A large number of experiments [20] have verified the quantum-theory predictions, inconsistent with local realism. In these experiments, the EPR state is an essential resource.
This paper reports the experimental demonstration of the complementarity in a two-spin bulk ensemble using the NMR techniques for two extreme cases and the intermediate cases in a special family of states. We follow our experimental techniques detailed in Ref. [9, 10] , by measuring the joint probabilities for the states of two spins and using the definitions for the visibilities of one-and two-particle interference fringes, the quantitative measurements of v i and v 12 are obtained for different inputs and finally the complementarity relation v 
II. THEORY OF ONE-AND TWO-PARTICLE COMPLEMENTARITY
A schematic arrangement for a two-particle interferometer was shown in Fig. 1 . The source S produces a pair of particles 1+2, one of which propagates along the path A and/or A ′ , passing through a phase shifter (PS) φ 1 and impinging on a beam splitter (BS) H 1 , and is then detected by either U 1 or L 1 , while the other has the analogous interpretations.
According to the standard definition of visibility v = (I max − I min )/ (I max + I min ) , the usual definition for one-particle fringe visibility can be
and the "corrected" definition for two-particle fringe visibility [17] is
where the "corrected" joint probabilityP (
, in order to assure the reasonableness of the visibility v 12 , and P (U i ) and P (U 1 U 2 ) denote the prob-abilities of single and joint detections. For example, we first consider two extreme cases:
when particles 1+2 is in an entangled state (EPR state)
or a product state
Here, |0 = 
where subscript i represents particle i on which U operates. These operations transform the state of particles 1+2, |Ψ or |Φ , to
or
The single and joint probabilities can be detected by the various methods. Then, according to the definitions of Eqs. (3) and (4), we can theoretically get v 1 = v 2 = 0, v 12 = 1 for |Ψ and v 1 = v 2 = 1, v 12 = 0 for |Φ , respectively [17] . Moreover, Jaeger et al. [17] investigated the complementarity in a special family of states which be of the form
and deduced the visibilities v 1 = v 2 = |sin (2α)| and v 12 = |cos (2α)| which make v
in all cases. The following section is the NMR experimental implementation of these cases.
III. EXPERIMENTAL IMPLEMENTATION OF THE COMPLEMENTARITY
The scheme stated above was implemented by liquid-state NMR spectroscopy with a two-spin sample of carbon-13 labeled chloroform 13 CHCl 3 (Cambridge Isotope Laboratories, Inc.). The hydrogen nucleus ( 1 H) and the carbon nuclei ( 13 C) are chosen as particle 1 and 2, respectively. The spin-spin coupling constant J between 13 C and 1 H is 214.95 Hz. The relaxation times were measured to be T 1 = 4.8 sec and T 2 = 0.2 sec for the proton, and T 1 = 17.2 sec and T 2 = 0.35 sec for carbon nuclei. All experiments were performed on a BrukerARX500 spectrometer with a probe tuned at 125.77MHz for 13 C and at 500.13MHz
At first, the quantum ensemble was initialized in an effective pure state (EPS) ρ 0 from the thermal equilibrium by line-selective pulses with appropriate frequencies and rotation angles and a magnetic gradient pulse [21] . ρ 0 has the same properties and NMR experimental results as the pure state |ψ 0 = | ↑↑ . Then we transferred ρ 0 to different input sates, i.e., the entangled state |Ψ , the product state |Φ and the special family of states |Ψ (α) by applying the following NMR pulse sequences, respectively:
) to be read from left to right, where Y i (θ) denotes an θ rotation aboutŷ axis on particle i and so forth, and J 12 ( π 2 −2α) represents a time evolution of ( π 2 −2α)/πJ 12 under the scalar coupling between spins 1 and 2. Finally, the transformations U i (φ i ), to achieve the PS and BS operations, was realized by the NMR pulse sequence
with θ 1 = tan −1 (− sin φ i ), and θ 2 = 2sin
, which were repeatedly applied with a set of appropriate values θ 1 and θ 2 chosen to vary the values for φ i from 0 to 2π. For two extreme cases, we simultaneously varied the values of φ 1 and φ 2 with the respective increment of π/16, then detected the populations of all related states of particle 1+2, and finally got the visibilities of one-and two-particle interference. Due to only the populations were needed to obtain by quantum state tomography [22] , all spectra for 1 H and 13 C were recorded by the reading-out pulses Y 1 (
) after a gradient pulse field, respectively.
The variation of the normalized populations versus φ i showed a desirable interference fringe, from which the value of the visibility was extracted. The experimental results were shown in As the preparation of the entangled state |Ψ was more complex than that of the product state |Φ , more errors were introducted in the case of |Ψ , which led to more discrepancies between the experimental and theoretical values.
For the special family of states |Ψ (α) , the similar procedure was applied on the state of a given value of α, and repeated for different α to study the interferometric complementarity in the intermediate regime.
and minimumP min (U 1 U 2 ) were found when (φ 1 , φ 2 ) = (nπ, mπ) in the theoretical calculation Due to the inhomogeneity of the RF field and static magnetic field, imperfect calibration of RF pulses, and signal decay during the experiments, the estimated errors are less than ±10%. If we take into account the imperfections of the experiments, the measured data of v i and v 12 in our NMR experiments are in consistent with the complementarity relation.
IV. EXPERIMENTAL VIOLATION OF BELL'S INEQUALITY
Bell's inequality [13] plays an important role in tests of quantum mechanics against local reality, which shows that all local hidden-variable theories are inconsistent with the quantum-theory predictions. Early most experiments to test Bell's inequality [20] were carried out on two correlated photons. Recently, experimental violation of a Bell's inequality has successfully been investigated in a linear Paul trap with two 9 Be + ions [23] . Other experimental tests using atoms [24] or ballistic electrons in semiconductors [25] have also been proposed. In this section, we demonstrated to realize an experimental test of Bell-CHSH (Clauser-Horne-Shimony-Holt)'s inequality [26] using the two-particle interference scheme.
The experimental configuration is similar to Fig. 1 , in which a pair of particles prepared in the source S, after a variable manipulation is applied independently to each particle labelled φ 1 and φ 2 , were measured in detection phase. The correlation coefficient reads
where P ij (φ 1 , φ 2 ) (i, j =↑ or ↓) denote the joint probabilities between particle 1 and particle 2. So the Bell-CHSH's inequality requires four correlation measurements performed with different phases and may be written formally as
where S is the "Bell parameter" and
are specific values of φ 1 (φ 2 ). All local theories must satisfy the inequality, while Quantum mechanics predicts a violation of inequality (12) with a maximal value for the Bell parameter S = 2 √ 2 > 2.
Our experiment prepared a pair of spin-1/2 nucleus in an entangled state |Ψ . Next, a phase shifter was applied on each nuclei, i.e., the U i operation. Finally, we measured the joint probabilities of four different states needed to calculate the correlation coefficients.
From Eqs. (8), (9) and (11), the correlation coefficients for the entangled state |Ψ and the product state |Φ can theoretically be
and
which make the Bell parameter S have the upper limit 2 √ 2 and 2, respectively and theoretically expect that quantum entanglement violates the Bell's inequality. From the experimental data of one-and two-particle interference for |Ψ and |Φ , the experimental correlation coefficients were obtained as shown in Fig. 4 , in which both the phase φ 1 and φ 2 were scanned synchronously in the same direction. We performed another experiment in which we scanned the phase φ 2 when the phase φ 1 was fixed to two different values d 1 and d
we could evaluate the correlation coefficient C (d 1 , φ 2 ) and C (d ′ 1 , φ 2 ) for exactly the same setting φ 2 . Fig. 5 showed the correlation coefficients observed when changing the phase φ 2 .
By choosing four related points (shown in Fig. 5 ) and calculating directly the Bell parameter from the measured correlation coefficients, we found the experimental value S raw = 2.24
and S net = 2.61 with subtraction of the signal decay, corresponding to the theoretical value S th = 2 √ 2, which indicated the experimental violation of the Bell's inequality.
V. CONCLUSIONS
In conclusion, this experiment demonstrates the interferometric complementarity between the one-and two-particle interference in a spin ensemble with NMR techniques. In addition to two extremes, the intermediate cases for a special ensemble are also tested, in which the fringe visibility of one-particle interference reduces while that of two-particle interference increases, as the entanglement of the two-particle source is enhanced. Besides, we have presented experimental results of a Bell's inequality measurement by this configuration. Though the test was performed over interatomic distances, the experimental scheme originate from the quantum version and apply the quantum operations. The experimental results display well the predictions of quantum mechanics within the experimental errors.
Figure Captions and (c), data points ⊡, +, and × denote the single probabilities P (|↑ 1 ) , P (|↓ 1 ) , P (|↑ 2 ) and P (|↓ 2 ), respectively, and in (b) and (d), , ×, ⊡ and + denote the "corrected" joint probabilitiesP (|↑↑ ) ,P (|↑↓ ) ,P (|↓↑ ) andP (|↓↓ ), respectively. Theoretical curves are depicted with the solid lines. 
